Learning and memory are crucial functions which enable insect pollinators to efficiently locate and extract floral rewards. Exposure to pesticides or infection by parasites may cause subtle but ecologically important changes in cognitive functions of pollinators. The potential interactive effects of these stressors on learning and memory have not yet been explored. Furthermore, sensitivity to stressors may differ between species, but few studies have compared responses in different species. Here, we show that chronic exposure to fieldrealistic levels of the neonicotinoid clothianidin impaired olfactory learning acquisition in honeybees, leading to potential impacts on colony fitness, but not in bumblebees. Infection by the microsporidian parasite Nosema ceranae slightly impaired learning in honeybees, but no interactive effects were observed. Nosema did not infect bumblebees (3% infection success). Nevertheless, Nosema-treated bumblebees had a slightly lower rate of learning than controls, but faster learning in combination with neonicotinoid exposure. This highlights the potential for complex interactive effects of stressors on learning. Our results underline that one cannot readily extrapolate findings from one bee species to others. This has important implications for regulatory risk assessments which generally use honeybees as a model for all bees.
Introduction
Efficient learning and memory formation are essential for insect pollinators by enabling them to relocate floral resources, efficiently collect nectar and pollen, and navigate accurately when foraging in the field [1, 2] . For social species such as honeybees and bumblebees, where colonies are dependent on food provided by forager bees, efficient learning, which thus enables efficient foraging, is an important prerequisite for colony growth and success [2, 3] . Therefore, anthropogenic or environmental stress factors that may cause subtle changes in behaviour and cognitive abilities have the potential to incur significant negative impacts on pollinators (e.g. [4] ).
Both neonicotinoid insecticides and parasites alter associative learning and cognitive functions of bees [5] [6] [7] [8] [9] . Acting as nicotinic acetylcholine receptor (nAChR) agonists [10] , exposure to very low levels of neonicotinoids can disrupt normal function of neurons in the bee brain [11, 12] and lead to disruptions in learning and memory [8, 13] . Diseases and parasites disrupt bee behaviour and learning potentially via altering the immune system which is linked to the nervous system [14] [15] [16] . There is increasing evidence indicating that interactive effects particularly between insecticides and parasites/diseases may have detrimental impacts on bees (e.g. [17, 18] ). This is of major concern given that, due to anthropogenic influence, both wild and managed bees are increasingly exposed to sub-lethal concentrations of neonicotinoids [19] , and emerging pathogens and parasites [20] [21] [22] . However, the potential interactive effects of neonicotinoids and parasites, such as the emergent microsporidian parasite Nosema ceranae [23] , on associative learning in bees has received little attention.
Furthermore, the majority of studies of anthropogenic or environmental stress factors on learning and memory has so far focused on honeybees (e.g. [8, 9, 24, 25] whereas potential impacts on other pollinators such as bumblebees are as yet poorly known [13, 26] . In addition to honeybees, bumblebees play a major role in providing pollinating services to wild and crop plants [27] . It has been suggested that bumblebees may be more sensitive than honeybees to the effects of stressors such as neonicotinoids though very few studies have assessed both species simultaneously [28, 29] . Thus, there are major gaps in our knowledge as to what extent different pollinator species differ in their sensitivity to stressors.
Here, we test whether chronic exposure to field-realistic sub-lethal levels of the neonicotinoid clothianidin and/or inoculation with the parasite N. ceranae alter associative olfactory learning and memory in both honeybees and bumblebees using a fully factorial design. The microsporidian N. ceranae, transmitted via ingestion of spores that are spread in faeces, recently switched to the European honeybee from its putatively original host, the Asian honeybee [23] . This parasite has been associated with colony losses in some areas in Europe [30, 31] and has also recently been found in wild bumblebees, where it may cause significant mortality [21] , though not always [32] . We use the proboscis extension response (PER) assay, a widely used method for studying learning and memory in honeybees [33, 34] and more recently also in bumblebees [13, 15, 35, 36] , to assess potential effects of the aforementioned stress factors on olfactory associative learning and memory.
Material and methods (a) Bees and treatments
Newly emerged honeybee Apis mellifera workers originating from two colonies were divided into 24 groups, regardless of the colony origin, each consisting of 14 (first replicate) or 12 (second replicate) bees. Bumblebee Bombus terrestris workers from six queenright colonies obtained from Biobest (Belgium) via Agralan Ltd (Swindon, UK) were divided into 24 groups (four groups per queenright colony) each consisting of 10 workers. These groups were randomly assigned to one of the four treatments: control (C), neonicotinoid clothianidin (Neo), parasite (N. ceranae) (Para), and exposure to both neonicotinoid and parasite (NP). As for bumblebees, one group from each queenright colony was allocated to each of the four treatments. The experiment was replicated twice, thus, there were 48 groups in total per species. Honeybees resided in aluminium mesh cages (diameter 5 cm, length 20 cm), maintained in the dark at 328C and 60% relative humidity (RH). A feeder modified from two 1 ml pipette tips (volume approx. 1.8 ml) was attached at the side of the cage. Bumblebees resided in plastic containers (diameter 11 cm, height 9 cm) with an aluminium mesh cover to allow air ventilation, maintained in the dark at 258C and 50% RH. The tip of a 50 ml bird feeder was pierced through the wall of the container. Bees were provided with an ad libitum supply of 50% sugar (sucrose) water solution for 2-4 days after which Neo and NP groups were provided with an ad libitum supply of 50% sugar water solution contaminated with 4 ppb clothianidin (Sigma-Aldrich, Gillingham, UK) for 11-12 days. Stock solutions were dissolved in acetone and dietary concentrations were made on the day of provisioning. The concentration used was chosen to reflect field-realistic values. Reported values of the maximum amounts of clothianidin residues found in the nectar of treated crops vary from 1 to 14 ppb with the average values ranging from 0.3 to 5.4 ppb [29, [37] [38] [39] . Fresh sugar water solutions (contaminated with clothianidin or not) were renewed every 2 -4 days, and the amount of sugar water collected was recorded by weighting the feeders. All groups were provided ad libitum with untreated pollen (Biobest via Agralan Ltd, sterilized by gamma irradiation with a cobalt-60 source at dose rates between 25 and 45 kGy).
Three days after the start of pesticide treatment, bees were first starved for 2 h, cold anaesthetized for 2-5 min on ice, and then given either 3.6 ml of 30% sugar water (C and Neo groups) or 30% sugar water containing a controlled dose of approx. 180 000 N. ceranae spores (Para and NP groups) (viability 90%, viability test using 0.4% Trypan blue). In total, only 10 honeybees or eight bumblebees within each group (for three groups of six and seven bumblebees, and nine honeybees) were inoculated and any remaining bees were discarded. The rationale for this was that a small percentage of workers were expected to die prior to inoculation, so each group contained surplus bees to ensure that an equal number per group would be available to be treated. A solution of freshly isolated Nosema spores was obtained by homogenizing abdomens of experimentally infected adult honeybees, and purifying the homogenate by centrifugation in 95% Percoll (Sigma-Aldrich). Preliminary tests demonstrated successful infection of bumblebees by N. ceranae (infection success 58.3%, n ¼ 36). After parasite inoculation, bees were monitored daily for worker mortality for 8-9 days until harnessing them for learning assays (see below).
(b) Proboscis extension response assays and memory retention
The PER assays are a standard method of testing learning in bees, which measure the ability of bees to form an association between an odour (conditioned stimulus, CS) and sugar reward (unconditioned stimulus, US) [33, 35] . Bees were cold anaesthetized for 2-5 min on ice, and then harnessed in plastic tubes modified from 1 ml pipette tips. The head of the honeybees was restrained with tape, whereas for bumblebees we used a 'yoke' made from a paper clip [36] . Harnessed bees were fed to satiation with 40% sugar solution and left in darkness at RT, 60% RH, for approximately 15 h. The following day, responsiveness was tested by touching antennae with a tooth pick dipped in 40% sugar water; only those bees that showed a response were included in the assays. CS was delivered by a continuous air flow (approx. 2 l min
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, aquarium pump, Hidom), by switching the air flow to pass through a 20 ml syringe containing a 2 Â 20 mm filter paper with 5 ml of 2 M odorant linalool (Sigma) in mineral oil. Each bee was positioned at 5 cm from the source of the odour, and an extractor fan located behind the bee removed any residual odour. One PER assay was composed of 10 CS-US trials (10 min inter-trial interval (ITI)) with each trial conducted as follows: 14 s air flow, 6 s CS, 4 s US (touching antennae with a toothpick covered with 60% sugar solution and allowing the bee to feed) overlapping with the CS for 3 s, 6 s air flow. Extension of the proboscis was recorded during each CS and US presentation. After 10 CS-US trials, an unrewarded test was conducted to assess the final level of learning by presenting only the CS. Finally, a memory test was performed 2.5 h after PER conditioning, again with the CS only. After the memory test, responsiveness to the sugar stimulus was tested as described above; only those bees who showed a response were included in the analysis. Bees that showed more than 3 sequential negative responses to the US during PER assays were considered unmotivated and were also excluded from analyses.
(c) Parasite screenings
After the experiment, a subset of alive and dead bees was screened by PCR for N. ceranae infection and for the presence of common bumblebee (N. bombi, Crithidia bombi, Apicystis bombi) or honeybee parasites (N. apis). Bees were dissected and abdomens were homogenized in double deionized (dd)H 2 O. DNA was extracted rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160246 with 5% Chelex (Bio-Rad, Hemel Hempstead, Hertfordshire, UK). PCR protocols and parasite-specific primers followed Graystock et al. [21] and Martín-Hernández et al. [40] with slight modifications (electronic supplementary material, table S1).
(d) Statistics
We used generalized mixed effect (GLMM) and generalized linear (GLM) models in IBM SPSS v. 21 (IBM SPSS Inc., USA) to analyse the influence of pesticide and parasite treatments on learning. In the analysis of learning acquisition (defined as proportion of positive responses to CS at each 10 CS-US trials), bee identity was added as a subject and trial number (trials 2-10, the first CS-US trial was omitted to increase model fit) as a repeated variable. Binomial error structure with a logit link function was used in models analysing learning acquisition and final level of learning (unrewarded test). The linear mixed effect model (LMM) was used to assess sugar water consumption (honeybees) or collection (bumblebees) where group identity was added as a subject and time point of sugar water measurement (three time points, time point 1 ¼ 5-7 days, time point 2 ¼ 8 -10 days, and time point 3 ¼ 11-12 days after the start of the pesticide treatment) as a repeated variable. For bumblebee sugar water collection data, the identity of the original queenright colony was added as a random factor. Assumptions of homogeneity and normality of residuals were checked by inspecting residual plots (residuals against predicted values) and qq-plots. We first fitted the full model after which interaction terms were omitted from the models if they did not increase the model fit based on the Akaike information criterion (AIC). AIC was also used in selecting the repeated covariance type in models with repeated measures structure. Significant interactions were post hoc tested with simple effects tests. To assess the influence of pesticide and parasite treatments on memory, within each treatment group we compared the proportion of positive responses with CS in the unrewarded test (final level of learning) with those in the memory test performed 2.5 h after conditioning using a pairwise repeated samples McNemar test.
Results (a) Nosema infections
PCR screenings of a subset of alive and dead bees (34% of honeybees and 50% of bumblebees, electronic supplementary material, table S2) showed that 100% of Nosema-inoculated honeybees were infected (0% of control honeybees), whereas only 3% of Nosema-inoculated bumblebees were positive. Inspection under the microscope detected no spores in the bumblebee subsamples. Owing to the potential stressful effects ingested parasite spores may exert on bumblebees, even though only 3% became infected (see Discussion), all parasite-treated bumblebees were included in the parasite treatment groups (Para and NP) in the results reported below.
(b) Responsiveness to stimulus
Only a small proportion of honeybees (1.3%, n ¼ 479) and bumblebees (11%, n ¼ 382) died prior to harnessing them for PER assays. Of the tested bees, 73% of honeybees and 74% of bumblebees were responsive to sugar stimulus (GLM: table S3 ) and were included in the PER assay. There were no differences in responsiveness among treatment groups (pesticide:
Of those bees included in the PER assay, a similar proportion of both species (approx. 18%) failed to complete PER conditioning (GLM:
material, table S3), either because they died during the PER conditioning, were not sufficiently responsive to US, or showed positive PER to the CS at the 1st trial. There were no differences in completion rate among treatment groups ( pesticide:
Thus, the final sample size for PER assays was 155 honeybees and 151 bumblebees.
(c) Learning acquisition across 10 conditioned stimulus -unconditioned stimulus trials
There was a significant four-way interaction between species, pesticide exposure, parasite treatment, and trial number on learning acquisition (GLMM,
, thus species were analysed separately. In honeybees, the proportion of positive responses to the odorant (CS), did not significantly increase across the nine CS-US trials (the 1st trial was excluded from the analysis to improve model fit ;  table 1 ). This is due to the fact that the level of learning was already high at the second trial (42-68%; figure 1a). Learning acquisition was impaired by pesticide exposure while parasite treatment did not have an effect (table 1 and figure 1a) . Initially, pesticide-exposed bees (Neo and NP treatment groups) responded as well as non-exposed ones, but the proportion of positive responses began to decrease during the assay; in the Neo group the proportion of positive responses started to decrease after the 4th trial and was 53% and 72% at the 9th and 10th trial. In the NP group, the proportion of positive responses started to decrease after the 3rd trial reaching 54% by the 10th trial (figure 1a). For non-pesticide-exposed bees (C and Para groups), the level of learning remained fairly high throughout the trials being 81% and 68% by the 10th trial for control and parasite groups, respectively. In bumblebees, there was a three-way interaction between pesticide exposure, parasite treatment (note, only 3% of parasite-treated bumblebees became infected), and trial number indicating that the rate of learning acquisition differed between treatment groups (table 1). Post hoc analysis revealed that within non-pesticide-exposed bumblebees, parasite-treated bees had a slower rate of learning than control bees (parasite Â trial number interaction, p ¼ 0.036, figure 1b), whereas within pesticide-exposed bees, parasite treatment did not affect the rate of learning (pesticide Â trial number interaction, p ¼ 0.25). Within non-parasite-treated bumblebees, control and pesticideexposed bees had similar rates of learning (pesticide Â trial number interaction, p ¼ 0.53), whereas within parasite-treated bumblebees, pesticide-exposed bees (NP group) had a faster rate of learning than those not exposed to the pesticide (Para group) (pesticide Â trial number interaction, p ¼ 0.014, figure 1b) .
The motivation of bees to respond to sugar stimulus (US) during conditioning did not differ between species (GLMM: rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160246
seen that the effect of the parasite treatment on the final level of learning was more strongly manifested in honeybees (C 73% and Neo 75% versus Para 68% and NP groups 44%), whereas in bumblebees (note, only 3% of bumblebees were infected) differences among treatment groups were much smaller (C 93% and Neo 95% versus Para 89% and NP groups 91%).
Honeybees and bumblebees in all treatment groups (C, Neo, Para, and NP) remembered the learned association equally well 2. ¼ 1, 76, p , 0.001, repeated covariance type diagonal,  figure 3a) . In bumblebees, pesticide-exposed bees had significantly lower sugar water collection than non-exposed bees while parasite treatment had no effect (LMM, 
Discussion
Associative learning and the recall of memories play a crucial role in enabling bees to forage efficiently [2] . Subtle changes in learning and memory could thus have serious implications for colony fitness. This is the first study to compare the impact of chronic exposure with field-realistic levels of neonicotinoid pesticides on learning and memory between honeybees and bumblebees. We show that, whereas chronic exposure to field-realistic levels of the neonicotinoid clothianidin impaired the acquisition of an olfactory association in honeybees, surprisingly no adverse effects on learning were observed in bumblebees (but see, Stanley et al. [13] ). As bumblebees have an annual life cycle and smaller colony size than honeybees, one might expect they would be more vulnerable to the adverse effects of stressors than honeybees, which have a buffer in the form of a large foraging and nest-based workforce. A recent field experiment reported that exposure to clothianidin in seed-coated oilseed rape was associated with lower densities of wild bumblebees and negatively affected colony growth and reproduction in commercially reared bumblebee nests, while no effects on colony strength were observed for honeybees [29] . It has also been shown that neonicotinoid (imidacloprid)-exposed bumblebees have higher levels of bodily residues than honeybees at the same dosage levels, suggesting that they are less efficient at metabolizing these particular pesticides and, therefore, likely to be exposed to higher levels [41] , which could make them more vulnerable to their effects. Intriguingly, our results on learning indicate the opposite. One could speculate that the bumblebee neurons may be less sensitive to the effects of clothianidin than those of honeybees. It is known that different nAChR sub-types have different pharmacological properties [42] . Thus, species could differ in their sensitivity to specific neonicotinoid compounds by having differential composition and populations of nAChR sub-types [43, 44] , or by differential responses in gene expression of nAChR subunits to pesticide exposure [45, 46] .
An alternative explanation for the differential sensitivity of the two bee species might be that bumblebees may have experienced lower exposure levels, as clothianidin-exposed bumblebees in our study collected less sugar water than those that were not exposed, while no such effect of the pesticide was observed for honeybees, as has been found by others [28, 47] . On the other hand, it is noted that the reduced collection rate suggests that clothianidin exposure caused some toxic effects on bumblebees, making them either collect or feed less on pesticide-spiked sugar water. Neither honeybees nor bumblebees are thought to be able to detect neonicotinoids, including clothianidin, in food [47] , thus, this effect on sugar collection rate is probably due to toxic effects rather than repellency. It is also noted that the age of bumblebees was not controlled, which could potentially explain some of the differences in sensitivity between the species [47] .
Interestingly, the effect of clothianidin exposure on learning in honeybees was manifested as a decline in the proportion of Figure 3 . (a) Sugar water consumption (mg/bee/day + standard error (s.e.)) of honeybees and (b) sugar water collection (g/bee/day + s.e.) of bumblebees in the control group (control), exposed to clothianidin ( pesticide) in the sugar water, inoculated with parasite N. ceranae spores ( parasite) and exposed to both clothianidin and the parasite (both). Note, only 3% of inoculated bumblebees became infected with Nosema.
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160246 positive responses to CS during conditioning. The potential mechanism underpinning why bees first learned the association but then stopped responding to the odour stimulus while still readily responding to the sugar stimulus probably involves disruption of cholinergic signalling in the olfactory system [11] but not in the neuronal system related to gustation. A similar decline in learning was also observed for honeybees chronically exposed to coumaphos, an organophosphate [8] . However, the decline was observed only when a 30 s ITI was used, but not when bees were trained under an ITI of 10 min, as used here. As the mode of action of neonicotinoids, which are agonists of nAChRs, is different from organophosphates, which are inhibitors of acetylcholinesterase neurotransmitters, the underlying molecular mechanisms of the observed decreases in learning are likely to be somewhat different. Overall, given the importance of olfactory learning in flower recognition and foraging in bees [48] , the impaired learning of honeybees exposed to field-realistic levels of clothianidin may have important ecological implications at the colony level, and offers a potential mechanism underlying observed reductions in the homing ability and impaired foraging behaviour of neonicotinoid stressed honeybees [49, 50] .
Our results show that infection by the parasite N. ceranae impairs learning in honeybees, manifested in the unrewarded test (final level of learning). Such a small reduction in learning acquisition may not have significant relevance in field conditions. At the same time, it is noted that the impact of parasites on learning may become more pronounced in field conditions as indicated by a semi-field study using free-flying bumblebees [51] . The mechanisms underlying pathogen-driven reductions in learning or memory are still relatively poorly understood, but potentially involve interactions between the immune system and the nervous system [14] [15] [16] . Previous studies have shown that parasite challenge can induce various alterations of the immune system of bees (e.g. [52, 53] ), and this, even without actual successful infection and production of spores, can impair the learning and memory of bees as shown by stimulating the immune system of honeybees and bumblebees with non-pathogenic elicitors, lipopolysaccharides [14, 15, 51] .
Although N. ceranae infection slightly impaired learning in honeybees (final level of learning), it did not result in more adverse effects in combination with exposure to the pesticide. In addition to parasites, exposure to pesticides can also induce various alterations of the immune system [54] resulting, for instance, in downregulation of several immune-related genes [55] . Thus, we would have expected that exposure to both these stressors, neonicotinoids and parasite N. ceranae, would be more harmful than one factor alone as previously reported as reduced survival or longevity in honeybees (e.g. [17] ). However, we did not observe any interactive effects of these factors when it comes to learning and memory. It could be that the underlying mechanisms by which neonicotinoids and parasites influence the functioning of nervous system are different and do not lead to interactive effects.
Interestingly, even though bumblebees did not become infected with N. ceranae (only 3% of inoculated bumblebees were infected), in contrast with previous studies on N. ceranae infectivity in bumblebees [21, 32] , there was still a significant negative effect on learning rate. An altered immune system as discussed above [15, 53] could potentially explain the lower learning rate in Nosema-inoculated bumblebees, suggesting that ingestion of spores solely may be stressful for bumblebees. The low infectivity of bumblebees is intriguing given our preliminary tests showed that 60% of the inoculated bees became infected. Both the condition and genetic background of the host and the parasite play an essential role in determining the outcome of an infection [56, 57] . It could be that the commercial bumblebee strains used in the experiment were resistant to this gut parasite or slight differences in the condition or age of bumblebees may explain the discrepancy between the pilot and the current experiment. Interestingly, Nosema-inoculated bumblebees had a slightly faster rate of learning acquisition when chronically exposed to the pesticide, though pesticide exposure alone had no effect on learning rate. The mechanism underlying enhanced learning rate in our study is not clear. One could speculate that bumblebees exposed to pesticide and inoculated with parasite spores were hungrier and, therefore, more motivated to respond, though further research would be needed to confirm this. Taken together, our results on the effects of N. ceranae on bumblebees are very intriguing and indicate that these stressors may interact in very complex ways. Our results underline the urgent demand for further investigation on the potential factors that affect the infectivity and virulence of newly emerging diseases in bumblebee hosts in order to gain a better understanding of whether N. ceranae presents a threat to bumblebee learning and health.
Studying the impacts of subtle interactions between stressors on bee health under field-realistic conditions poses a major challenge. Our findings emphasize that sensitivity to stressors differs between pollinator species and the effects depend on which endpoint trait is being investigated. Our results also underline the fact that one cannot readily extrapolate findings from one bee species to others, and this has important implications for regulatory risk assessments, which generally use honeybees as a model for all bees.
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